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Recombinant adeno-associated viruses (AAVs) have emerged as a widely used gene delivery platform for both basic research
and human gene therapy. To ensure and improve the safety profile of AAV vectors, substantial efforts have been dedicated
to the vector production process development using suspension HEK293 cells. Here, we studied and compared two downstream
purification methods, iodixanol gradient ultracentrifugation versus immuno-affinity chromatography (POROS™ CaptureSelect™
AAVX column). We tested multiple vector batches that were separately produced (including AAV5, AAVS, and AAV9
serotypes). To account for batch-to-batch variability, each batch was halved for subsequent purification by either iodixanol
gradient centrifugation or affinity chromatography. In parallel, purified vectors were characterized, and transduction was
compared both in vitro and in vivo in mice (using multiple transgenes: Gaussia luciferase, eGFP, and human factor IX). Each
purification method was found to have its own advantages and disadvantages regarding purity, viral genome (vg) recovery, and
relative empty particle content. Differences in transduction efliciency were found to reflect batch-to-batch variability rather than

disparities between the two purification methods, which were similarly capable of yielding potent AAV vectors.

1. Introduction

Gene therapeutic agents are having a major, positive impact
on researching and treating various diseases. Viral vector-
based gene therapies are among the most efficient
approaches for the correction of genetic defects. Among
these, adeno-associated viruses (AAV) are most widely used
for in vivo gene transfer, which is reflected in the five current
FDA-approved AAV therapeutics for distinct genetic disor-
ders: HEMGENIX [1] (AAV5, hemophilia B), ZOLGEN-
SMA [2] (AAV9, spinal muscular atrophy), LUXTURNA
[3] (AAV2, retinal dystrophy), ROCTAVIAN (AAV5,
hemophilia A), and ELEVIDYS (AAVrh74, Duchenne mus-
cular dystrophy). Towards clinical approval, translational

studies and preclinical studies require a high concentration
of AAV titers to enable testing of design specifications, effi-
cacy, side effects, and outcomes of the AAV gene transfer.
To achieve the large quantities of vector required for such
studies, production is scaled up by growing and transfecting
suitable cells, such as human embryonic kidney cells
(HEK293), in roller bottles, through continuous perfusion,
or in WAVE Bioreactors [4]. Naturally, these scale-up pro-
cesses result in not only larger amounts of the desired
AAV but also of possible contaminants such as cellular pro-
teins, membrane components, nucleic acid fragments, and
empty capsid AAV particles. Therefore, purification of the
AAV drug product is essential prior to carrying out transla-
tional and efficacy studies.
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FIGURE 1: Schematic diagram of the AAV purification comparison study. Suspension HEK293 cells in orbital shake flasks were used to
produce recombinant AAVs by the triple-plasmid transfection method. Each batch was split in half for subsequent purification by either
iodixanol gradient centrifugation or immune-affinity chromatography (POROS™ CaptureSelect™ AAVX column). The resulting vectors
were then studied and characterized by both in vitro and in vivo assays.

The two most conventional methods for AAV purifica-
tion are cesium chloride (CsCl) and iodixanol gradient ultra-
centrifugation (IOD), which separate particles based on their
buoyant density or sedimentation rates. These methods are
independent of capsid serotypes and allow the separation
of empty and full virions. Because the CsCl-based method
is time-consuming and may introduce toxicity, iodixanol
has become a more preferred method [5]. For a more scalable
process, column chromatography is well established and has
been adapted for AAV purification [6, 7]. Immuno-affinity
chromatography specifically utilizes an affinity-binding
interaction between the column resin and the desired prod-
uct to be purified. Clinical-grade AAV vectors have been
reported to be purified using both methods of gradient cen-
trifugation and column chromatography, or a combination
of both, since the ultracentrifugation method is difficult to
scale up [8-12]. Given the importance of the purification

methodology (under the CMC Guidance for Industry from
the US FDA) [13], we compared two commonly used purifi-
cation methods across various AAV serotypes to determine if
biological differences in vitro and in vivo could be affected by
a specific purification approach.

To avoid overinterpretation and batch-to-batch errors,
separate lots of AAV vectors were produced and analyzed
independently. In this study, we report comprehensive com-
parison data of three independent AAV batches (AAVS5,
AAVS, and AAVY9) purified by one round of either jodixanol
gradient centrifugation (IOD) or affinity chromatography
using the POROS™ CaptureSelect™ AAVX column (POR).
These data include characterizations of purity, the relative
presence of empty capsids (SDS-PAGE and transmission
electron microscopy), and titers and plasmid backbone
contaminations (qPCR). Furthermore, transduction effi-
ciencies were determined in vitro and in vivo (using self-
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FIGURE 2: Viability and viable cell density (VCD) representation of scalable suspension system HEK293 cells: freshly thawed cells (a) and
subcultured cells (b). Transfection was performed on day 2 with a VCD of ~2.0-2.5 x 10° cells/mL and viability of >92% and vector

harvest was at day 5, which was 72 hr posttransfection.

complementary AAV-CB-eGFP, AAV-CB-GLUC, and

AAV-TTR-cohFIX constructs) as outlined in Figure 1.

2. Results

Orbital shake flasks for cell culture were used for a research
scale of 125 mL-1000 mL (max 25% volume of cell culture).
A suspension system of HEK293 cells was optimized so that
on the day of transfection, the viable cell density (VCD) and
% viability were ~2.0 to 2.5x10° cells/mL and >92%,
respectively (Figure 2).

At the time of vector harvest, 72 hrs posttransfection, the
cells and media were collected and split in half for parallel
purification by IOD or POR. For downstream analyses,
purified vectors from both methods were side-by-side char-
acterized, tittered, and transduced cells in vitro and IV-
injected via the tail vein of mice for transgene expression
comparison.

Multiple batches of AAVs including AAV5, AAVS, and
AAV9 were characterized by SDS-PAGE to compare their
relative purity. As shown in Figures 3(a) and 3(b), AAV vec-
tors generated via the IOD method were often less pure and
contaminated with other proteins, as detected by smears in
addition to the three bands corresponding to VPI, 2, and
3. When normalized to the vg loaded per lane of SDS-PAGE,
the POR method yielded approximately 2- to 5-fold more
empty capsids compared to the IOD method, as indicated
by the darker bands for VP1, 2, and 3 (Figure 3(b), estimate
based on pixel contrast by Image]).

The titers of AAV vg recovered by both purification
methods were found to be comparatively similar (Figure 3
(¢)). Plasmid backbone contamination was also examined
by using primers and probes that target ampicillin. As
shown in Figure 3(d), pretreatment of DNase I prior to vg
titration reduced the % of plasmid backbone contamination
in both IOD and POR samples from ~6.5% to ~5.7%, which
could be from impurity DNA/plasmid fragments stuck on
the capsids.

Images from TEM confirmed more impurities in 10D
vectors as many patches of debris are observed surrounding

each virion, leading to poorer image quality (Figure 4(a)).
One common impurity from the IOD purified vector
appears as smaller circles (indicated by white arrows) which
was identified by previous studies to be ferritin [14]. Greater
purity was found in POR-purified vectors, but more empty
capsids (80-90%, based on Image] counting of ~1000 parti-
cles) were seen in POR vectors (TEM images in Figure 4).
This confirms the data from SDS-PAGE in Figure 3.

Transduction efficiency was determined in vitro by
infecting human GM16095 fibroblast cells and quantifying
gene expression after 48-72hrs of AAV infection. Figure 5
(a) shows transduction efficiency by AAV5-CB-eGFP mea-
sured by flow cytometry as % GFP-positive cells and mean
fluorescent intensity (MFI) signals. Despite the difference
in empty capsids per group, the multiplicity of infection
(MOI) was normalized based on vg content titrated by
qPCR. At the same MOI of 100,000, IOD-purified AAV5
had significantly higher transduction efficiency than POR
AAV5 (~90% eGFP >70% eGFP positive), which indicated
that the excess number of empty capsids detrimentally
affects the transduction in vitro. However, in vivo testing
demonstrated opposite results, as POR AAVS5 trended to
transduce the livers of WT BALB/c mice better than IOD
AAVS5, although this difference did not reach statistical sig-
nificance (Figure 5(b)).

In another study using AAV8-CB-eGFP, an in vitro
transduction assay showed the same trend, as IOD AAVS
outperformed POR AAV8 at the same MOI in GM16095
cells (Figure 6(a)). To determine the effect of empty capsids,
we added an equivalent of virions (based on SDS-PAGE)
without any packaged transgene to the same MOI of IOD
AAVS or POR AAVS; as a result, the transduced cells mea-
sured as % GFP positive were significantly decreased by the
addition of empty capsids (Figure 6(a)). This indicated that
empty capsids, in vitro, could potentially compete for the
AAV trafficking machinery of the host cells and therefore
lead to a decrease in transduction. In vivo data of liver trans-
duction, measured at week 2 postinfection, provided no sig-
nificant difference between IOD AAV8 and POR AAVS in
terms of % GFP-positive hepatocytes, while slightly higher
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FIGURE 3: AAV vector genome and capsid protein characterization using SDS-PAGE (7.5% gel) and qPCR probe-based titration. POROS-
AAVX affinity column purified (POR) vectors are purer than their iodixanol (IOD) purified counterparts (a). With the same titer of vg
loaded, POR vectors show darker bands which indicate more empty capsids than IOD vectors (b). Using qPCR probe-based analysis, vg
recovered by both purification methods are comparably similar ((c) top: from 50 mL of triple-plasmid-transfected cell culture; bottom:
from 200 mL). Backbone contaminations were determined and multiplexed using an ampicillin-primers/probe, which indicated a similar
amount of the plasmid backbone packaged by AAV8 purified by both methods (d). 0U = no pretreatment of DNase I before qPCR

titration; 5 U = 5 units of DNase I pretreatment were used prior to gPCR.

transduction was found by IOD AAVS in terms of the GFP
MFI signal (Figure 6(b)).

As shown in Figure 7, a serial dilution of empty capsids
of AAV9 added to the same MOI of AAV9-CB-GLUC led to
variable transduction outcomes. The addition of empty cap-
sids did not detrimentally affect the infectivity of AAV9
when that percentage of empty capsids was under ~41%
(Figures 7(a) and 7(b)), as the transduction readout of lumi-
nescence was not lower. When the amount of empty capsids
added exceeds 100%, the standard deviation becomes
broader, leading to a difficult conclusion. This result shows
that in vitro, transduction efficiency may vary depending
on how much empty capsids are present.

In the third batch of AAV, we produced AAV9-TTR-
cohFIX, which is a codon-optimized construct encoding
human factor IX (hFIX) for treating hemophilia B. The
hemophilic B mouse model, C3H/HeJ-HB, was used to test
the functionality of the differently purified vectors (Figure 8
(a)). At weeks 1, 5, and 8 post-IV injections of the AAV, we
collected blood for hFIX ELISA. The efficacy was measured
based on the amount of circulating hFIX. While no signif-
icant difference was found at week 1 postinjection, POR

AAV9 outperformed IOD AAV9 at week 5 and week 8 time
points, yvielding significantly ~2-fold higher hFIX levels
(Figure 8(b)).

3. Discussion

The preparation and purification processes related to AAV
production are essential for the sound interpretation of
translational and preclinical investigations. As there are
multiple methods to purify AAVs, it is imperative to
research details related to how these processes affect differ-
ent serotypes and batch preparations of AAVs. In this study,
we report comprehensive comparison data from three self-
complementary AAV serotype batches (AAV5, AAVS, and
AAV9) prepared independently and purified by iodixanol
gradient centrifugation (IOD) or affinity chromatography
using the POROS™ CaptureSelect™ AAVX column (POR).
These data include characterizations of purity, the relative
empty capsid content (SDS-PAGE and transmission elec-
tron microscopy), titers of vg recovery, and plasmid back-
bone contaminations (qPCR). Our focus was to assess
transduction efficiency in vitro and in vivo in WT mice plus
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(b) AAV8 POR

FIGURE 4: Transmission electron micrographs of AAV8 purified by iodixanol gradient centrifugation (a) or by POROS AAVX column (b).
Both samples were imaged at 5E9 vg/uL with a negative stain. More impurities were identified from iodixanol gradient centrifugation (a)
including ferritin, as indicated by white arrows, as identified by previous studies [14]. Empty capsids—indicated by yellow arrows—were
observed as denser virions from affinity column purified vectors (b). The empty capsid amount was estimated and shown on the lower

panels. Black arrows indicate full capsids; scale bars = 100 nm.

a clinically relevant model of hemophilia B (C3H/HEJ-HB
mice), as designed in Figure 1.

In this study, we employed a scalable vector production
system utilizing a suspension of HEK293 cells that were cul-
tured and maintained at a viable cell density and percentage
of viability, as shown in Figure 2. Each batch of vectors was
halved for the IOD or POR purification approach, followed
by further characterization and transduction efficiency anal-
yses. One standout advantage of affinity column purification
is improved consistency in the high-level purity of AAV
products, while iodixanol gradient centrifugation often
yields more impurities like ferritin and other host proteins
(Figures 3(a) and 3(b) and 4). In contrast, the iodixanol gra-
dient method can be implemented independently of the cap-
sid serotype, while affinity chromatography is reported to be
effective for certain wild-type serotypes. AAV empty capsids
have been described to vary in different vector production
systems, can comprise up to 90% of total AAV particles gen-
erated, and even within one production system, empty cap-
sid content can fluctuate highly between manufacturing
batches [15]. One limitation of our study is that no absolute
quantification of empty capsids per method of purification
was calculated. Nevertheless, as we observed from the TEM
images and SDS-PAGE gels, the relative empty capsids in
each batch of AAV product purified by POR were always

higher than those from 10D (Figures 3 and 4). Vector recov-
ery (vg titer from qPCR) from both methods was compara-
ble, as shown in Figure 3(c). Using a relative comparison
of multiplexed qPCR, DNA impurities from plasmid back-
bones measured by ampicillin primers and probes were
found to be ~6% by both purification methods (Figure 3
(d), dark color bars). Pretreatment of DNase I prior to qPCR
titering reduced the DNA impurity by about 1%, which indi-
cated that some of the plasmid backbones were present out-
side of the capsid and ~5% were packaged by the vector.
Other studies have reported that this backbone contamina-
tion could be a result of defective virions (including single
ITR and snapback genome vectors) and can be minimized
by having a transgene size close to the maximum packaging
capacity of the rAAV (~5kb) [16, 17].

In vitro, POR AAV vectors were found to transduce
GM16095 human fibroblasts less efficiently than their coun-
terpart IOD AAVs (Figures 5(a) and 6(a)). One hypothesis
was that the higher ratio of empty capsids in POR AAV
preparations competes with the full particles for receptor
binding on host cells and leads to lower gene expression.
To test this hypothesis, we generated AAV9-CB-GLUC vec-
tors spiked with different amounts of empty capsids
(Figure 7). To detrimentally affect transduction efficacy, a
large number of empty particles were required (greater than
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dose = 1x 10! vg/mouse). A two-way ANOVA with Turkey’s multiple comparisons was performed. MFI = mean fluorescence intensity;
%eGFP positive = percent positive cells of eGFP. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

41% empty capsids added to lower the LUM readout). How-
ever, the in vivo data for each batch did not fully corroborate
the in vitro results. As shown in Figure 5(b), POR AAV5
yielded slightly higher gene expression of % GFP-positive
cells compared to IOD AAVS5 in the mouse liver at week 2
postinjection, although no significant statistical difference
was found due to a large standard deviation. In contrast,
Figure 6(b) shows that POR AAV8 yielded slightly lower
gene expression of % GFP-positive liver cells as compared
to IOD AAVS8 in the mouse liver at week 2 postinjection.
These mixed in vivo results between the two batches of
AAVS5 and AAVS could be from the end-point analysis at
week 2 PI because the gene expression delivered by different
serotypes of AAV might require different times to be fully
expressed. The third batch of AAV9-packaged codon-
optimized human factor IX (hFIX) was added to the study
to assess functional differences in the preparation methods
in a clinically relevant disease model for AAV gene therapy.
As shown in Figure 8 using a hemophilia B mouse model, no
significant difference in hFIX was found in the plasma
between IOD and POR AAV9 at week 1 PI. However, at
week 5 and week 8 PI, plasma hFIX delivered by POR
AAV9 was significantly higher than those delivered by the
IOD AAVY, suggesting that a higher purity vector prepara-
tion (other than empty capsids) may be beneficial for
in vivo gene delivery. There are several possible contribu-
tions to these disparate results between in vitro and in vivo
transduction including impurities or a variety of empty cap-
sids in each batch since we did not normalize the empty cap-

sid of each serotype for the in vivo experiments. Regardless,
our data showed that vectors purified by affinity chromatog-
raphy could successfully deliver the gene of interest in mice,
if not better, compared to iodixanol gradient centrifugation,
despite the higher content of empty capsids. In a previous
study reported by Blessing et al. [18], intrastriatal injection
in adult mice showed that AAV2/9 purified by the iodixanol
gradient centrifugation method had significantly higher
transduction than vector purified by the affinity POROS
AAV column at week 4 postinjection. This could be due to
the empty capsid content, batch-to-batch variation, or tim-
ing differences in their experiment compared to ours pre-
sented here.

While the iodixanol gradient can separate full and empty
particles from one another, residual iodixanol in the final
AAYV product may pose a safety concern and may warrant
additional purification steps. Pu et al. have reported an
LCMS method for the detection of residual iodixanol [19].
As investigational AAV-based products continue to move
through clinical development, more in vivo studies are
needed to examine the impact of downstream processing
of AAV vectors, particularly focusing on differences in the
ratio of empty-to-full viral particles and impurities present
in vector batches. Some clinical trials and preclinical studies
intentionally mixed AAV empty capsids to act as decoys for
neutralizing anti-AAV antibodies and therefore enhanced
gene transfer [20]. In other cases, they were undesirable as
they could elicit liver toxicity due to activation of CD8" T
cells and TLR2 [21-23]. Thus, studying how the systematic
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addition of empty particles impacts the immune response is  the adverse side effects in multiple clinical trials of AAV-
important to identify a threshold of empty capsid content  based drugs [24] and the less well-understood effects of
that maximizes both safety and transduction efficacy. Given  impurities like empty capsids and residual plasmid DNA,
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TaBLE 1: Comparative properties of iodixanol gradient centrifugation versus immuno-affinity chromatography.

Iodixanol gradient centrifugation Immuno-affinity chromatography

Purity Poorer Better
Yield monitor No Yes (A280 nm)
AAV serotypes Independent Depend on column type

Time-consuming

Impurities

Empty capsids Less
Scalability No
GMP readiness Poor

Yes (more steps: PEG precipitation)
Residual iodixanol & large proteins

Faster + automatic system
Small proteins
More
Yes
Good

regulatory agencies have proposed risk mitigation plans that
include the manufacturing process of AAV to decrease the
percentage of empty capsids in 2021 [25]. Many studies have
proposed chromatography methods to separate full and
empty capsids using ion-exchanged columns based on the
slight difference in charge possessed by the nucleic acid con-
tent of the full virions [5, 26-28].

Any physiochemical and biological properties (full-to-
empty ratio, purification method, formulation excipients,
phenotypic variation, capsid serotype, infectivity per dose
per route of administration, etc.) should be well docu-
mented, even though the effects of these on vector perfor-
mance might not be fully understood. With more
knowledge about AAVs being documented, studied, and dis-
seminated, detailed bookkeeping and certification on process
development would be a valuable tool for risk mitigation to
ensure the safety and well-being of patients in the clinic.

4. Conclusion

Neither the IOD nor POR purification method was found to
be superior overall. Each purification method was found to
have its own advantages and disadvantages (summarized in
Table 1). In vitro data show that IOD-purified vectors out-
performed POR-purified ones. Empty capsids were found
to decrease the infectivity of AAVs in vitro at high concen-
tration. However, in vivo data show variable results from
batch-to-batch of different AAVs with no consistent trend.
Titer normalization, purity, and types of impurities in a final
AAV product may play a big component in determining
vector potency. In conclusion, iodixanol gradient centrifuga-
tion and affinity chromatography have their own advantages
and limitations, and both are similarly capable of yielding
infectious AAV vectors for research scale. For manufactur-
ing on a large scale, additional processes are needed to
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minimize impurities in each batch for more consistent qual-
ity control of the final AAV product.

5. Materials and Methods

5.1. rAAV Production. The suspension cell line HEK293F
was used for rAAV vector production. The cells were cul-
tured in viral production medium (Thermo, Cat#A4817901)
in shaker flasks at 120rpm at 37°C, 8% CO,. Cell viability
was maintained at >95%, and transfection was performed
when the cell density was at ~2-2.5E6 cells/mL using the
standard triple-plasmid transfection method of pRep2CapX
(X = serotype 5, 8, and 9), pHelper, and pITR-AAV (pds-
CB-EGFP, CB-GLUC, or TTR-cohFIX) at an equal molar
ratio, plus transfection agent Fectovir. For empty capsid pro-
duction, no p-ITR-AAV was used. These cells were collected
at 72 hr posttransfection. Centrifugation at 3000 g for 15 min
was performed to separate the cells and media. The cells
were resuspended in lysis buffer of 50mM Tris-HCI
(+0.15M NaCl, pH 8.2), went through 3 cycles of freeze/
thaw to release rAAV viruses, and centrifuged at 3000 g for
20min to collect the supernatant. This supernatant was
combined with the cell media and treated with DNase I
(5U/mL) for 1hr at 37°C to digest contaminant DNAs and
improve the quality of the crude lysate. The rAAV viruses
in the crude were purified using either iodixanol gradient
centrifugation or liquid chromatography with an affinity col-
umn (POROS AAVX CaptureSelect, Thermo #A36651).

5.2. rAAV Purifications. Iodixanol gradient ultracentrifuga-
tion followed the Addgene protocol using Option #3, punc-
turing the QuickSeal tube slightly below the 60-40% interface
(https://www.addgene.org/protocols/aav-purification-iodixa
nol-gradient-ultracentrifugation/).

An immuno-affinity chromatography detailed protocol
was reported by Lam et al. [29].

Briefly, the POROS™ CaptureSelect™ AAVX column
was used with an AKTA GO system controlled by UNI-
CORN 7.6 software. The equilibration and wash buffer were
PBS, pH 7.2. The secondary wash buffer was 18% ethanol
and PBS+1M NaCl. The elution buffer was 0.05M citric
acid+0.1 M glycine+0.1% pl188 (pH 2.9). Eluted fractions
were neutralized by 1 M Tris-HCl buffer (pH 8.2), and then
the buffer was exchanged with PBS and concentrated down
using centrifugal Vivaspin, 20 mL, 100 K MWCO.

5.3. SDS-PAGE. Mini-PROTEAN TGX precast gel (7.5%
polyacrylamide gel, Bio-Rad) was used. Samples plus
Laemmli buffer containing 10% of f-mercaptoethanol were
mixed and heated at 90°C for 5 min. The samples were cooled
to room temperature and loaded into the gel lanes, together
with a standard marker. The running buffer was 1 x Tris
/glycine/SDS, Bio-Rad. The assembly was set and connected.
The voltage was set to be constant at 200 V. The gel was set to
electrophorese for 30 min. The gel was removed from the cas-
sette and imaged according to the manufacturer’s protocol
using a ChemiDoc MP Imaging System (Bio-Rad).

5.4. Transmission Electron Microscopy. Purified AAV sam-
ples (3 uL) were negative stained with NanoVan (3 uL) on
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a nickel Formval/Carbon 300 mesh. The samples were air-
dried before being imaged at 120kV using a Tecnai Spirit
equipped with an AMT CCD camera (Thermo Fisher).

5.5. In Vitro Cell Culture and Transduction Assays. GM16095
human fibroblast cells were purchased from the Coriell Insti-
tute and grown in 10% FBS DMEM with 1% antibiotics at
37°C with 5% CO,. The cells were subcultured once they
reached 90% confluency. For transduction assays, the cells
were counted and seeded in a 96-well plate 24 hrs before
transduction with rAAVs. Based on the AAV transgene of
each experiment, the cells were trypsinized for flow cytome-
try to determine % GFP positive or measured for Gaussia
luciferase activity (using the Pierce Gaussia Luciferase Glow
Assay Kit, Thermo Fisher #16161, following the manufactur-
er’s protocol).

5.6. Animal In Vivo Experiments. All mice were maintained
in the laboratory animal resource center at Indiana Univer-
sity-Purdue University, Indianapolis (IUPUI). All animal
experimental protocols were approved and performed as
per the guidelines of Indiana University’s Institutional Bio-
safety Committees (IBC) and Institutional Animal Care
and Use Committee (IACUC). Each specific experiment
(specified in each result figure) includes either WT BALB/c
mice (purchased from the Jackson Lab) or hemophilia B
C3H/HeJ-HB mice (in-house breed) [30]. All mice were
treated with rAAVs (purified by either iodixanol centrifuga-
tion or affinity chromatography) at 8-10 weeks old; the neg-
ative control group was mock-injected with PBS. AAV
dosage was 1E11 to 2E11 vg/mouse (see figure legends for
details of each experiment). For the BALB/c mice, at sacrifice
(week 2 postinjection), their livers were harvested for further
flow cytometry analysis. For the C3H/HeJ-HB mice, plasma
samples were collected by retroorbital eye bleed into 0.38%
sodium citrate.

5.7. Flow Cytometry Analysis. Mouse livers were processed
on the day of harvest and measured for eGFP signal based
on a previously described protocol [31] with a slightly mod-
ified digestion step as follows: a single lobe was digested in
7mL of digestion media (0.2 mg/mL collagenase P, 5U/mL
DNase I, 1.5U/mL dispase, and 1% FBS in RPMI 1640).
Simple gating for unfixed, single cells from the liver was
set for direct fluorescence of GFP+ cells from negative con-
trol GFP cells using the Attune NxT Flow Cytometer.

5.8. hFIX ELISA. Enzyme-linked immunosorbent assay-
(ELISA-) based measurements of human FIX from the
mouse plasma were carried out as previously described [32].

5.9. Statistics. GraphPad Prism 9.1.2 software was used to
calculate all statistics. Unless otherwise stated, data are pre-
sented as means + standard deviations.

Data Availability

The datasets used and/or analyzed during the current study
are available from the corresponding author on reasonable
request.
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Mucopolysaccharidosis type I (MPS 1), an inherited lysosomal storage disorder characterized by deficiency of «a-1-iduronidase
(IDUA) activity, causes multisystemic pathology due to sequelae of accumulated heparan and dermatan sulfates (HS and DS),
the substrates of IDUA. Current treatments, though life-prolonging, inadequately address skeletal dysplasia and do not forestall
progressive and painful degenerative joint disease. Previous studies demonstrated that intra-articular enzyme replacement
cleared cellular lysosomal storage and reduced joint inflammation. Three nontolerized MPS I canines were studied to assess
safety, efficacy, and durability of IDUA gene replacement therapy delivered via intra-articular injection. After baseline joint
tissue biopsies, the right shoulder and stifle of each animal were injected in the intra-articular space with AAV9-IDUA and
contralateral joints with AAV9-eGFP. Animals received either 5E11 or 5E12 vector genomes/joint. Necropsy was performed at
2- or 52-week postinjection. All animals tolerated injections without adverse effects. At two weeks, supraphysiologic IDUA
enzyme activity was measured in AAV9-IDUA-treated but not AAV9-eGFP-treated synovium, with corresponding
normalization of HS content and synoviocyte morphology. The AAV9-IDUA-treated cartilage had normal physiologic levels of
IDUA enzyme, reduced but not normalized HS and DS levels compared to untreated MPS I cartilage, and healthy chondrocyte
morphology. Liver IDUA transgene and IDUA enzyme activity were identified, as was serum IDUA activity which was 40% of
wild-type serum enzyme activity. At 52-week postinjection, AAV9-IDUA-treated synovium and cartilage IDUA enzyme
activity declined in both animals, corresponding to high tissue HS and DS levels and severe lysosomal storage. Liver and serum
IDUA activity levels were undetectable. A dose-dependent serum anti-IDUA antibody response was observed which, together
with loss of transgene with age, likely contributed to decline in tissue enzyme activity and treatment efficacy. Our study
demonstrates successful proof-of-concept for intra-articular gene replacement therapy as a treatment for MPS-related joint
dysplasia. Our observations suggest the possibility of multimodal gene replacement therapy to address multiple refractory
manifestations of MPS I. Subsequent studies, in conjunction with immune tolerization and functional assessments of joint
pathology, will investigate this possibility.
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1. Introduction

The mucopolysaccharidoses (MPSs) are a group of twelve
inborn errors of metabolism caused by deficiency of glycos-
aminoglycan- (GAG-) degrading enzymes with resultant
GAG storage in lysosomes and tissues and progressive mul-
tisystemic dysfunction [1, 2]. Mucopolysaccharidosis type I
(MPS 1), often referred to by the eponyms Hurler, Hurler-
Scheie, and Scheie syndromes depending upon degree of
central nervous system (CNS) involvement and velocity of
disease progression, results from a deficiency of the activity
of a-L-iduronidase (IDUA) and results in tissue storage of
the GAG species heparan sulfate (HS) and dermatan sulfate
(DS). Across the MPS 1 disease spectrum, affected individ-
uals experience varying degrees of upper airway obstruction,
cardiac valve dysplasia, hepatosplenomegaly, skeletal dyspla-
sia, and neurologic involvement [3].

The storage of GAG in chondrocytes triggers an abnor-
mal proliferation in epiphyseal cartilage and disturbed carti-
lage matrix, with subsequent skeletal dysplasia manifesting
as abnormally shaped vertebral bodies (kyphosis), shallow
acetabulae, hip dysplasia, and genu valgum [4]. Joint syno-
vium is also affected, becoming hypertrophic and inflamed.
Clinically, these changes result in painful degenerative joint
disease, which severely reduces mobility, independence,
and quality of life [5].

Treatments for MPS I, either hematopoietic stem cell
transplant (HSCT) or intravenous enzyme replacement ther-
apy (ERT) with recombinant human IDUA (rhIDUA), have
reduced disease burden and extended life expectancy of MPS
I patients into adulthood [6, 7]. The unifying premise of
each therapy is the provision of functional IDUA enzyme
to affected IDUA-deficient tissue, degrading accumulated
HS and DS [8]. Clearance of accumulated substrate
improves cellular function and ideally prevents subsequent
symptomatology.

However, both HSCT and ERT are imperfect treatments.
Undergoing HSCT entails significant risks of immunocom-
promise, graft-versus-host disease, incomplete engraftment,
and/or death. Pursuit of ERT entails weekly IV infusions
for the patient’s entire lifetime and does not cross the
blood-brain barrier (BBB) to any significant degree, thus
rendering it incapable of treating the CNS disease of neuro-
pathic MPS I Neither HSCT nor ERT adequately treat
orthopedic disease, ostensibly the consequence of negligible
IDUA delivery and the continued GAG accumulation and
pathology progression in joint tissues and chondrocytes [9,
10]. Treated MPS I patients suffer pain, immobility, and
severely reduced quality of life due to progressive joint con-
tractures, deformities, and arthritis [11, 12]. Surgical inter-
ventions are required to ameliorate these complications;
due to their multisystem comorbid conditions, MPS I
patients suffer increased perioperative morbidity and mor-
tality [13]. Consequently, gene replacement therapy is an
attractive option, as it is potentially a single-dose therapeutic
providing long-term, durable transgene expression [14, 15].

In the canine model of MPS I, which recapitulates many
aspects of human MPS I disease, we demonstrated that
monthly intra-articular injections of rhIDUA were well tol-
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erated and resulted in significant reduction of synoviocyte
and chondrocyte lysosomal storage, with concomitant
reduction of joint inflammatory macrophages [16]. How-
ever, repeated articular injection into multiple affected joints
is not ideal for MPS I patients. Herein, we report on the
safety and efficacy results of a proof-of-concept study utiliz-
ing adeno-associated virus (AAV) serotype 9-mediated
canine IDUA (cIDUA; hereafter referred to as IDUA) gene
replacement, delivered intra-articularly to the MPS I canine
model system.

2. Materials and Methods

2.1. IACUC. This study was conducted under compliance
approvals obtained from the Iowa State University IACUC
(protocols 12-04-5791-K and 2-18-8714-K) and Institutional
Biosafety Committee (protocol 18-D-0004-A). All dogs used
in the study were bred and maintained at Iowa State Univer-
sity in accordance with the USDA and NIH guidelines for
the care of dogs. The MPS I dog colony was maintained on
a mixed genetic background. Animals were housed together
for enrichment and provided enrichment items. Their envi-
ronment was set to have constant 72-degree F temperature,
humidity, 12-hour/12-hour light: dark cycles, and air circu-
lated 15 times an hour. Animals had continuous access to
water and were fed ad libitum. Breedings were conducted
by artificial insemination, crossing heterozygous females
and heterozygous or MPS I-affected males. MPS I-affected
animals were identified by IDUA enzymatic assay and poly-
merase chain reaction in whole blood [17].

2.2. Vector Prep. The AAV9 vector contains a payload con-
sisting of the chicken f-actin promoter, the cytomegalovirus
immediate early enhancer, a codon-optimized IDUA or
eGFP sequence, and the rabbit f-globin polyadenylation
sequence. Vector was produced by triple transfection of
HEK293T cells, purified on iodixanol gradients, and assessed
for infectious capacity and endotoxin content as described
by Wang, et al. [18].

2.3. Treatment. All animals received only intra-articular
AAV vector and did not receive predose tolerization. Four
weeks (see Safety) after baseline synovial and cartilage biop-
sies, one animal (low-dose +52w) received 5E11 vg/joint
AAV9-IDUA into the right shoulder and stifle and was
necropsied 52-week postdosing. Four weeks following base-
line biopsies, two animals received 5E12 vg/joint AAV9-
IDUA into the right shoulders and stifles; one was eutha-
nized 2 weeks following treatment (high-dose +2w) and
the other 52 weeks following treatment (high-dose +52w).
All three animals’ contralateral shoulder and stifle joints
were injected with AAV9-green fluorescent protein (eGFP)
at doses corresponding to their AAV9-IDUA dose. Please
refer to Figure 1 for a schematic of the study. Following
injection, monthly complete blood counts with differential,
electrolytes, transaminases, blood urea nitrogen, creatinine,
bilirubin, albumin, and protein were obtained.

2.4. Necropsy. All three AAV-treated dogs were eutha-
nized with intravenous sodium pentobarbital overdose
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FIGURE 1: Study schematic. Four weeks after birth and six weeks prior to treatment, the three animals underwent pretreatment biopsy
(brown vertical line). Treatment (blue vertical line) took place ten weeks after birth with dosages, vectors, and injection sites as
designated. Necropsy took place +2 weeks after treatment (I610) or +52 weeks after treatment (1609 and 1615). Green arrow indicates
treatment with AAV9-eGFP; red arrow indicates treatment with AAV9-IDUA.
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F1GURE 2: Exemplary joint tissue photomicrographs. Cartilage (a) and synovium (b) photomicrographs demonstrate scoring schema for
lysosomal storage in chondrocytes and synoviocytes, respectively. Representative cells are denoted by red arrowheads.

TaBLE 1: Absolute (% of wild-type) serum IDUA enzyme activity of the three animals treated in this study with respect to timing of
treatment.

. Time pre-/post-intra-articular AAV9 treatment
Time of necropsy

-6w +2w +12w +24w +18w +52w
High-dose 5E12 vg/joint +2w 0.00 (0%)  2.16 (49.5%)
High-dose 5E12 vg/joint +52w 0.00 (0%) n.m. 0.07 (1.6%)  0.11 (2.5%)  0.14 (32%)  0.00 (0%)
Low-dose 5E11 vg/joint +52w 0.00 (0%) n.m. 0.00 (0%) 0.02 (0.46%)  0.05 (1.1%)  0.00 (0%)

All animals have undetectable serum enzyme at baseline (6 weeks prior to treatment); enzyme activities approach 50% of normal two weeks following
treatment but decline afterwards, eventually returning to baseline at 52 weeks. Wild-type animal serum IDUA enzyme is 4.36 + 1.31 units/mL. Data were
generated from at least three independent experiments and shown as mean + SD. n.m.: not measured.

at either 2- or 52-week posttreatment. All dogs were  in paraffin. Serial 5um thick sections were cut for histo-
necropsied immediately following euthanasia. Aspiration  chemical staining. Tissues were obtained from three age-
of the shoulder and stifle joints was attempted for synovial =~ matched wild-type and three untreated MPS I-affected
fluid collection. Cartilage and synovium samples were col-  animals to be used as controls for biochemical assays
lected from the proximal and distal surfaces of bilateral gle-  and histology.

nohumeral/shoulder and tibiofemoral/stifle joints. Samples

were collected into 4% paraformaldehyde or flash frozen in ~ 2.5. Histopathology and Scoring. Histologic sections were
liquid nitrogen. After 24 hours of fixation, samples for his-  deparaffinized in xylene and rehydrated through graded
tology were processed by routine methods and embedded  concentrations of ethanol. Sections were stained in
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FIGURE 3: (a) IDUA enzyme activity measurements from homogenates from wild-type, MPS-I untreated, and study animals. Data were
generated from at least three independent experiments and shown as mean + SD. (b) Schematic of PCR primers utilized to detect the
IDUA transgene (389 base pairs spanning cDNA between exon 10 and exon 14) and the native genomic IDUA gene (227 bp covering the
entirety of exon 7). (c) Transgene and genomic IDUA PCR of liver homogenates. The presence of the native IDUA gene is identified in
all animals, but only the high-dose +2w dog demonstrates the presence of IDUA transgene and appreciable levels of IDUA enzyme in
liver. The two +52 w animals had neither measurable liver IDUA enzyme activity nor IDUA transgene.
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FIGURE 4: Joint tissue IDUA enzyme activity measurements. At 2 weeks, supraphysiologic enzyme levels are synthesized in AAV9-IDUA-
treated synovium (a) (note y-axis) and physiologic levels in cartilage (b). AAV9-eGFP-treated tissues demonstrate undetectable to trace
levels of IDUA enzyme. Synovial and cartilage IDUA levels are present in 52-week AAV9-IDUA-treated tissues. Data were generated
from at least three independent experiments and shown as mean + SD. * could not be assayed.

hematoxylin and eosin (H&E), dehydrated, cleared, and Lysosomal distension of synoviocytes and chondrocytes
mounted. All sections were prepared and examined by the = was scored on a scale of 0-3 as follows: 0 signifies little to
same pathologist, who was blinded to animal identity and  no storage (cytoplasm is devoid of vesicles); 1 signifies mild
treatment status, using a Nikon Eclipse Ci brightfield micro-  storage (cytoplasm with small number of vesicles); 2 signifies
scope and photomicrographs acquired with a Nikon DS-Fi2 ~ moderate storage (cell is predominantly vesicles with a small
color CCD camera. amount of cytoplasm); and 3 signifies severe (cell is entirely
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TaBLE 2: Comparison of baseline and postnecropsy synovial HS
and DS levels in intra-articular AAV9-treated-MPS I canines.

. Percent
Baseline Necropsy change
Heparan sulfate
Synovial HS high-dose +2 w
AAV9-eGFP shoulder 1.87 1.64 -12.3%
AAV9-eGFP stifle 3.01 3.78 25.6%
AAV9-IDUA shoulder 1.95 0.14 -92.8%
AAV9-IDUA stifle 4.11 0.04 -99.0%
Synovial HS high-dose
+52w
AAV9-eGFP shoulder 0.83 5.14 519%
AAV9-eGFP stifle 4.5 19.4 331%
AAV9-IDUA shoulder 1.73 1.63 -5.8%
AAV9-IDUA stifle 2.79 1.25 -55.2%
Synovial HS low-dose +52 w
AAV9-eGFP shoulder 1.27 435 243%
AAV9-eGFP stifle 1.17 9.59 720%
AAV9-IDUA shoulder 0.22 2.87 1205%
AAV9-IDUA stifle 2.16 3.17 46.8%
Dermatan sulfate
Synovial DS high-dose +2w
AAV9-eGFP shoulder 6.64 4.1 -38.3%
AAV9-eGFP stifle 12.32 5.78 -53.1%
AAV9-IDUA shoulder 8.64 1.84 -78.7%
AAV9-IDUA stifle 12.5 0.8 -93.6%
Synovial DS high-dose
+52w
AAV9-eGFP shoulder 3.52 9.72 176%
AAV9-eGFP stifle 10.13 13.1 29.3%
AAV9-IDUA shoulder 1.87 4.23 126%
AAV9-IDUA stifle 7.19 2.56 -64.4%
Synovial DS low-dose +52w
AAV9-eGFP shoulder 3.46 12.69 267%
AAV9-eGFP stifle 4.98 8.68 74.3%
AAV9-IDUA shoulder 0.43 4.55 958%
AAV9-IDUA stifle 433 3.81 -12.0%

lysosomal vesicles) storage. Photomicrographs examples of
synoviocytes and chondrocytes corresponding to each stor-
age score are provided in Figure 2.

2.6. Enzymology. For biochemical assays, canine tissues were
homogenized in CelLytic M cell lysis reagent (Millipore-
Sigma). Iduronidase activity was assessed using 10 uL of
tissue homogenate or serum incubated with 4-
methylumbelliferyl a-L-iduronide substrate (4-MUI) (Bio-
synth) at the final concentration of 0.25mM for 1hr at
37°C in a 96-well plate. Reactions were quenched with
180 uL glycine carbonate buffer, and pH10.5 and fluores-
cence measurements were obtained using an Infinite M Plex
spectrofluorophotometer (Tecan) at excitation and emission

wavelengths of 360 nm and 450 nm, respectively. One activ-
ity unit was defined as 1nmol of 4-methylumbelliferone
released per hour. Protein concentration was estimated
using the Pierce BCA assay kit (ThermoFisher), and bovine
serum albumin provided from the kit was served as a stan-
dard. Measurements were made blinded to identity of the
animal and treatment administered, in triplicate, and
reported as specific activity (units of activity per mg of pro-
tein) for tissue samples and units/mL for serum samples.

2.7. Tissue PCR Amplification. Total genomic DNA was
extracted from tissue homogenate by the Genomic DNA
Clean and Concentrator (Zymo Research, Irvine, CA). The
DNA samples were amplified with two sets of PCR primer
pairs with the following sequences: IDUA F3 (5'-AGTTCC
GGCGCATGCGCGCAGC-3'); IDUA R3 (5'-CGGTCG
GGCCCAGTAGTCCACC-3'); IDUA F4 (5'-GTGGTG
CTGAGGTCAGTCTCCG-3"); IDUA R4 (5'-CGGGCA
GGGCCTGGGGTCCTAC-3"). The F3 and R3 primers are
located within IDUA exon 10 and exon 14, respectively,
and will amplify only transgenic IDUA cDNA sequences
with an expected amplicon size of 389 bp; the F4 and R4
IDUA primers are located within IDUA intron 6 and intron
7, respectively, which amplify the endogenous IDUA gene
with an expected amplicon size of 227 bp.

2.8. Glycosaminoglycan Quantification. Lyophilized tissue
extract was desalted using Amicon 3k columns (Millipore)
and eluted with diH,O to the final concentration of
0.1 mg/uL (tissue dry weight/H,O volume) before HS and
DS analyses. Twenty-five uL of tissue extracts, calibrators,
and QC samples were transferred to a 12 x 32 mm maxi-
mum recovery vials (Waters Corporation, Milford, MA)
and evaporated under nitrogen at 35°C. The samples were
mixed with 200uL of 3M HCI in MeOH, incubated at
65°C for 65min, and evaporated under nitrogen at ambient
temperature. The samples were reconstituted in 25uL of
internal standard solution and 200 uL of matrix (10 mM
NH,OACc) in acetonitrile: H,O (90:10, v : v). The samples
were injected on an Acquity UPLC® I-class system coupled
with a Xevo TQ-S micro mass spectrometer (Waters Corpo-
ration) with electron spray ionization in positive ion mode.
Methylated HS and DS dimers and the corresponding deu-
teriomethylated HS and DS dimers were separated on a
UPLC® BEH Amide 1.7 ym, 2.1 x 50 mm column (Waters
Corp.) using a linear gradient as previously described [19].
Data were acquired by selected reaction monitoring (SRM)
using the protonated molecular ion transition m/z
426 5236 for DS dimers, m/z 432—239 for *H6-DS
dimers, the sodiated molecular ion transition m/z
406 — 245 for HS dimers, and m/z 412 — 251 for *H6-HS
dimers. Calibration curves were constructed using linear
regression of responses (peak area ratios of HS and DS
dimers to the corresponding deuterium-labeled dimers) to
the concentrations of calibrators using TargetLynx® software
(Waters Corp.) with 1/x weighting. Assessors were blinded
to tissue type, genotype/treatment status of animal, and
treatment administered.
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FIGURE 5: Synovial HS levels in the (a) high-dose +2w, (b) high-dose +52w, and (c) low-dose +52w animals. Levels of synovial HS
GAG at baseline (-6 weeks prior to AAV9 treatment) compared to levels at necropsy (+2- or +52-week post-AAV9 treatment).
AAV9-IDUA joints are denoted in green, while AAV9-eGFP joints are denoted in red. The black dotted lines refer to synovial HS

levels in age-matched normal dogs.

2.9. Anti-rhIDUA Serology. Serum and synovial fluid IgG
antibodies against IDUA were measured by ELISA. Briefly,
96-well plates (Immulon 1B U-bottom microtiter plates,
Corning, Corning, NY) were coated overnight with 0.2 ug
IDUA in PBS. Following blocking with 3% BSA, serial
diluted serum samples were added in triplicate to IDUA-
coated wells and incubated at 37°C for 1 hr. The plates were
washed, and specific binding of serum anti-IDUA antibodies
to the coated wells was detected using alkaline-phosphatase-
conjugated goat anti-dog IgG secondary antibody (Southern
Biotechnology, Birmingham, AL). Absorbance values at
405 nm were measured as optical density (OD) using an Infi-
nite M Plex spectrofluorophotometer (Tecan) after 1 mg/mL
p-nitrophenol phosphate substrate (Sigma-Aldrich, St.
Louis, MO) was added and developed at room temperature.
The antibody titer is defined as the highest dilution of each
sample with OD value higher than the background control.
The OD value for a sample was taken from dilutions within
the linear signal range.

2.10. Statistical Methods. Due to semiannual animal estrus,
low litter size, and 25% rate of inheriting MPS I, no power
calculation was performed. All animals identified to have
MPS I were utilized for this study; an equal number (three)
of treated MPS I, untreated MPS I, and wild-type animals
were utilized. Results are reported as mean + SD and as -fold
of wild-type levels. Postnecropsy HS and DS levels are
reported as quantitative values and as a percentage of base-
line HS and DS levels, respectively.

3. Results

3.1. Safety. All three animals tolerated anesthesia, baseline
tissue biopsies, and AAV9 joint injections well, ambulating
within 12 hours of surgery without discomfort or lameness.
The low-dose +52w animal experienced a right hock
hygroma and joint effusion following tissue biopsy. The
excess fluid was drained via needle puncture, and the joint
capsule was allowed to heal completely, delaying vector
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FIGURE 6: Synovial DS levels in the (a) high-dose +2 w, (b) high-dose +52 w, and (c) low-dose +52 w animals. Levels of synovial DS GAG at
baseline compared to levels at necropsy. AAV9-IDUA joints in all three animals demonstrate synovial DS reduction, while AAV9-eGFP-
treated joints show increases in DS levels in the two +52w animals. The etiology for the DS reduction in AAV9-eGFP-treated joints in
the +2 w-treated animal is unclear as its synovium has no measurable IDUA enzyme.

injection by two weeks (six-week postbiopsy). For consis-
tency, the other two animals were also treated with vector
at six-week postbiopsy (Figure 1). None of the animals expe-
rienced clinically significant abnormalities in hematology or
serum chemistries throughout the study. Only the high-dose
+2w animal yielded synovial fluid in the shoulder and stifle
joints at baseline and necropsy; no inflammatory cells were
noted at baseline. At necropsy, synovial fluid in all joints
demonstrated evidence of mild to moderate inflammation
(neutrophils and activated macrophages).

3.2. Efficacy

3.2.1. Clinical Assessments. At the time of necropsy, both
low-dose +52w and high-dose +52w animals displayed
facial dysmorphism and joint laxity characteristic of canines
with MPS L

3.2.2. Serum and Liver Treatment Effects. At necropsy, the
high-dose +2w animal had serum IDUA enzyme activity

measured at 2.16 + 0.27 units/mL, which was 49.5% of mean
wild-type serum IDUA (4.36 +1.31 units/mL). Unfortu-
nately, we do not have corresponding serum blood draws
for either the low-dose +52w or high-dose +52w animals
at the same time point (two-week posttreatment). Serum
enzyme activity levels in these two animals were measurable
but quite low in both animals at 8-, 13-, and 22-week post-
treatment but declined to zero by the time of necropsy (see
Table 1).

The liver of the high-dose +2w dog had IDUA enzyme
activity measured at 1.60 +0.11units/mg protein, which
was 34.8% of wild-type liver homogenate) and the presence
of the IDUA transgene was evident by PCR. These findings
suggest that the probable source of serum IDUA enzyme
was the liver and not from leakage of IDUA enzyme from
transduced joint tissues into the circulation. The low-dose
+52w and the high-dose +52w animals demonstrated min-
imal IDUA enzyme activity and undetectable transgene in
liver homogenates, indicating that transgene and expression
declined significantly over time (see Figure 3). However,
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FIGURE 7: Synovial photomicrographs and lysosomal storage scoring in the high-dose +2 w animal. Baseline synoviocytes demonstrate
lysosomal storage (red arrows, scored 1). At necropsy, AAV9-eGFP treated joint capsule showed increased lysosomal storage (scored 2),
while AAV9-IDUA-treated synoviocytes scored 0. The latter also demonstrated a lymphocytic infiltrate (blue ellipse). Control synovium

included for comparison. Bar = 10 uM.

these findings raise the possibility that the liver can serve as
an “IDUA depot,” synthesizing enzyme for other body
tissues.

3.2.3. Synovium Treatment Effects

(1) IDUA Expression and Enzyme Activity. The AAV9-
IDUA-treated joints of the high-dose +2 w animal had syno-
vial IDUA enzyme activity levels which were 2.97-6.91 fold
that of wild-type dog synovium (3.50 + 1.59 units/mg pro-
tein). Only the right shoulder synovium of this animal
(IDUA activity, 10.44 + 0.59 units/mg protein) had detect-
able IDUA transgene, while the right stifle synovium (IDUA
activity, 24.20 + 3.35 units/mg protein) had no measurable
IDUA transgene signal (see Figure 1S). The high-dose
+52w (shoulder: 4.97 +0.66 units/mg protein, 1.42-fold
wild-type; stifle: 4.23+0.56 units/mg protein, 1.2-fold
wild-type) and low-dose +52w (shoulder: 2.27 +0.34
units/mg protein, 0.65-fold wild-type; stifle: 4.78 +0.49
units/mg protein, 1.36-fold wild-type) animals both had
synovial IDUA enzyme activity in AAV9-IDUA-treated
joints measured at levels comparable to wild-type dogs (see
Figure 4). The IDUA transgene was not detected in any of
the AAV9-eGFP-treated joints, which also had IDUA
enzyme activity levels that were comparable to that of the
synovium measured in untreated MPS I dogs.

(2) Synovial GAG Quantitation. The HS and DS levels mea-
sured in synovial tissue of AAV9-IDUA-treated joints were
decreased relative to untreated joints. Please refer to Table 2
for depiction of the data in chart format. In all animals, only
AAV9-IDUA-treated joints demonstrate HS reduction. The
greatest effect is seen in the high-dose +2w animal, whose
synovial HS levels are comparable to wild-type synovium.

The high-dose +52w treated animal demonstrated synovial
HS at near-normal levels, while the low-dose +52w animal
demonstrated synovial HS above levels seen in wild-type and
increased slightly from baseline. Meanwhile, all AAV9-
eGFP-treated joints demonstrated higher HS levels than
AAV9-IDUA-treated joints (see Figure 5).

The measured levels of DS were similar to that of HS.
Only AAV9-IDUA joints demonstrate DS reduction. The
greatest effect is seen in the high-dose +2w animal, whose
AAV9-IDUA-treated synovial DS levels are comparable to
wild-type synovial DS levels. Both +52w-treated animals
showed AAV9-IDUA synovial DS levels that were comparable
to, or slightly above, normal animals, while DS levels in the
AAV9-eGFP-treated joints increased over time (see Figure 6).

(3) Synovial Histopathology. In the high-dose +2w animal,
histology examination of necropsy samples documented nor-
mal synoviocyte morphology with no visible synovial lyso-
somal storage (scored 0). Contralateral AAV9-eGFP treated
tissue yielded joint capsule, not synovium. Capsular cells were
documented to have abundant intracellular storage granules
(scored 2). Lymphocytic infiltrates were noted only in
AAV9-IDUA-treated synovium, not AAV9-eGFP- treated
synovium (Figure 7). The scores of synovium from animals
treated for 52 weeks were consistent with a dose- response,
with the high-dose +52w animal scoring 1 in AAV9-IDUA
joints (eGFP joints scored 2) and low-dose +52 w animal scor-
ing 3 in AAV9-IDUA joints (eGFP joints scored 3) (Figure 25).

3.2.4. Cartilage Treatment Effects

(1) IDUA Enzyme Activity. The high-dose +2-week animal
had cartilage IDUA enzyme activity levels which were
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TaBLE 3: Comparison of baseline and post-necropsy cartilage
HS and DS levels in intra-articular AAV9-treated-MPS I

canines.
. Percent
Baseline Necropsy change
Heparan sulfate
Cartilage HS high-dose +2w
AAV9-eGFP shoulder 0.7 0.75 7.1%
AAV9-eGFP stifle 0.25 0.49 96.0%
AAV9-IDUA shoulder 0.72 0.41 -43.1%
AAV9-IDUA stifle 0.66 0.31 -53.0%
Cartilage HS high-dose
+52w
AAV9-eGFP shoulder 0.35 9.01 2474%
AAV9-eGFP stifle 0.79 12.7 1508%
AAV9-IDUA shoulder 1.68 5.4 221%
AAV9-IDUA stifle 0.9 8.96 896%
Cartilage HS low-dose +52 w
AAV9-eGFP shoulder 0.42 7.09 1588%
AAV9-eGFP stifle 1.26 7.33 482%
AAV9-IDUA shoulder 0.99 5.99 505%
AAV9-IDUA stifle 1.04 8.82 748%
Dermatan sulfate
Cartilage DS high-dose +2w
AAV9-eGFP shoulder 2.58 33 27.9%
AAV9-eGFP stifle 3.56 4.11 15.4%
AAV9-IDUA shoulder 0.4 243 508%
AAV9-IDUA stifle 3.66 4.05 10.7%
Cartilage DS high-dose
+52w
AAV9-eGFP shoulder 0.27 15.69 5711%
AAV9-eGFP stifle 2.36 21.09 794%
AAV9-IDUA shoulder 3.41 14.22 317%
AAV9-IDUA stifle 3.46 14.14 309%
Cartilage DS low-dose +52 w
AAV9-eGFP shoulder 0.29 15.22 5148%
AAV9-eGFP stifle 4.24 13.64 222%
AAV9-IDUA shoulder 0.44 12.33 2702%
AAV9-IDUA stifle 3.14 17.5 457%

0.36-1.25-fold that of wild-type cartilage (7.25 + 4.61 units/mg
protein). Specifically, right shoulder cartilage demonstrated
IDUA activity of 9.03 + 0.76 units/mg protein, and right stifle
cartilage showed IDUA activity of 2.59 + 0.21 units/mg pro-
tein. Cartilage IDUA enzyme activity was 2.52 £ 0.20 units/
mg protein in the right shoulder of the high-dose +52-week
animal (0.35-fold wild-type). With the exception of stifle car-
tilage in the high-dose +2w pup (15% of wild-type), only
very low (<1.7% of wild-type) IDUA activity was detected
in AAV9-eGFP-treated cartilage (see Figure 4).

(2) Cartilage GAG Quantitation. AAV9-IDUA resulted in
treatment effects for both HS and DS in cartilage. Please
refer to Table 3 for depiction of the data in chart format.

Only the AAV9-IDUA-treated joints of the high-dose +2 w
animal demonstrated reduction of cartilage HS, which was still
higher than wild-type control cartilage HS. The AAV9-IDUA-
treated cartilage of the high-dose +52 w animal had lower HS
levels relative to contralateral AAV9-eGFP-treated joints, but
this level was still markedly above that of normal cartilage.
The low-dose +52w animal had cartilage HS levels measured
at the level of an affected joint (see Figure 8).

In all animals, cartilage DS increased from baseline to
necropsy. The AAV9-IDUA-treated cartilage of the high-
dose +2w animal had DS levels that were lower relative to
the contralateral AAV9-eGFP-treated joints but that were
still elevated above wild-type cartilage DS levels. Both the
high-dose +52w and low-dose +52w animals’ cartilage DS
levels were increased relative to baseline (see Figure 9).

(3) Chondrocyte Histopathology. Only in the high-dose +2w
animal was there a clearance of chondrocyte lysosomal stor-
age from baseline (Figure 10). In the two +52 w animals, all
joint chondrocytes, regardless of treatment status, were doc-
umented to have severe vacuolization and lysosomal storage
granules (Figure 3S).

3.2.5. Immunologic Assays. No animal had serum anti-IDUA
antibodies present at baseline. The results of anti-IDUA
antibody ELISA conducted on necropsy sera identified the
highest anti-IDUA IgG titers in serum of the high-dose
+52w animal (1:25,600 dilution). The low-dose +52 w ani-
mal developed a low serum anti-IDUA titer (1:800 dilu-
tion), and the high-dose +2w animal had no measurable
serum anti-IDUA antibodies, likely due to the short period
of time between vector injection and necropsy (Figure 11).
Synovial anti-IDUA antibodies were weakly positive
(1:300) in all joints of the high-dose +2 w animal. The only
synovial fluid sample available in the +52 w animals was the
high-dose left (AAV9-eGFP) stifle with a moderately posi-
tive (1:2,700) titer.

4. Conclusion

Effective therapy for MPS-related arthropathy has been elu-
sive; neither standard-of-care intravenous ERT nor HSCT
deliver sufficient IDUA enzyme activity to joint synovium
or cartilage for adequate tissue GAG clearance. Preclinical
work in canine MPS I and VII have documented that supra-
physiologic blood IDUA activity levels are required for ther-
apeutic effect in difficult-to-treat areas such as cardiac valves
and articular cartilage [20, 21]. Human MPS I clinical trial
results corroborate this finding. Recent reports of treatment
with autologous lentiviral-IDUA-transduced hematopoietic
stem/progenitor cell transplant yielded blood IDUA activity
levels 2.7- to 12.5-fold above median normal levels and grad-
ual improvement in shoulder and knee joint range of motion
6-9 months posttransplant [22].

We aimed to assess whether intra-articular AAV IDUA
gene replacement therapy could affect high-level joint IDUA
expression, tissue GAG reduction, and ameliorate MPS I
arthropathy. Intra-articular AAV-based therapies have been
tested preclinically, primarily for osteoarthritis or rheumatoid
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F1GURE 8: Cartilage HS levels in the (a) high-dose +2 w, (b) high-dose +52 w, and (c) low-dose +52 w animals. HS is only reduced in AAV9-
IDUA-treated cartilage of the high-dose +2 w dog. In all other joints, cartilage HS was higher at necropsy than at baseline.

arthritis indications in small and large animal model systems;
several are currently in human clinical trials. One intra-
articular nonviral gene replacement therapy has been reported
for MPS I mice, employing IDUA plasmid nanoemulsions
which resulted in supraphysiologic synovial fluid IDUA
enzyme levels 48 hours posttreatment [23]. As the nanoemul-
sion method only expressed enzyme for up to 7 days, intra-
articular gene replacement using viral vectors, which for intra-
venous delivery results in longer-term transgene expression,
represented a potentially more viable therapeutic approach
for MPS I arthropathy.

Our study documents that AAV9-IDUA intra-articular
injections at the 5E11 and 5E12 vg/joint dosages were safe
and well tolerated in MPS I canines without adverse effects
to clinical status, hematologic parameters, electrolytes, or
transaminases. Two weeks following injection, we identified
high levels of IDUA enzyme activity in necropsied synovium
and more modest, but significantly elevated, IDUA activity
levels in cartilage, serum, and liver. The IDUA activity levels
correlated with degree of substrate clearance, with normali-
zation of synovial HS and DS GAG and lysosomal histopa-
thology scores; and reduction of cartilage HS and DS GAG,

and normal, basophilic chondrocyte morphology. Although
IDUA enzyme has higher V_ . and lower K, for DS [24],
HS appears to be a more sensitive marker to treatment
response, as it is largely absent from normal synovium and car-
tilage. Though KS and DS storage are more classically associ-
ated with articular pathology in MPS, HS storage does appear
to contribute to arthropathy too, as it has proinflammatory
properties [25, 26]. MPS type III patients also have some degree
of skeletal dysplasia. In addition, HS and DS accumulation
were found to impair BMP-4 signaling in multipotent adult
progenitor cells derived from MPS I patients [27].

The presence of the IDUA transgene in synovium and
liver at two-week postinjection prompts an interesting infer-
ence. Some amount of intra-articular delivered AAV9-IDUA
vector likely escapes the joint space into the bloodstream to
transduce hepatocytes and other body tissues, which lead to
secretion of enzyme into the bloodstream. This suggests the
potential utility of intra-articular gene replacement therapy
to generate sufficient blood IDUA to treat other multisyste-
mic MPS I pathologies; however, the study was not designed
to assess effects of treatment upon either CNS or visceral dis-
ease manifestations.
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FiGure 9: Cartilage DS levels in the (a) high-dose +2 w, (b) high-dose +52w, and (c) low-dose +52 w animals. Cartilage DS levels in all
treated animals were greater at necropsy than baseline. Only DS from the AAV9-IDUA shoulder of the high-dose +2w animal was

comparable to wild-type cartilage.

The findings in the animals necropsied 52-week post-
treatment identify challenges to an approach centered solely
around intra-articular gene replacement therapy for MPS 1.
Animals treated at either 5E11 or 5E12 vg/joint doses con-
tinued to synthesize synovial IDUA enzyme, albeit slightly
above wild-type levels. Shoulder cartilage IDUA in the
high-dose +52w animal was 33% of wild-type; strangely,
the IDUA transgene was repeatedly observed only in chon-
drocytes of this animal but not in the synovium. This corre-
sponded to some treatment effect, as shoulder and stifle
synovial vacuolization were mild in the high-dose +52-week
animal. Regardless, these subnormal/normal IDUA levels
were unable to clear substrate; synovial and cartilage GAG
levels in AAV9-IDUA-treated joints were equivalent to
AAV9-eGFP-treated joints and markedly elevated compared
to normal tissues. Cellular vacuolization was severe in chon-
drocytes of both animals.

Another important caveat to this proof-of-principle
study is that MPS arthropathy affects all joints of the body;
we focused gene replacement upon a small number of large
joints in these animals. Safe gene replacement of every
MPS-affected joint will be a challenge owing to the poten-

tially large vector dosages required, and instead may need
to focus upon joints at greatest risk for degeneration (hips)
or joints with greatest impact upon daily function (shoul-
ders, knees).

The presence of an anti-IDUA immune response may be
one explanation for the lack of clinical efficacy in the older
animals. The MPS I canine model is well known to develop
a strong antibody response to either intravenously adminis-
tered or AAV-transduced IDUA protein [28, 29]. Anti-
IDUA antibodies are well described in both canine and
murine MPS I models to inhibit enzymatic activity and
divert enzyme trafficking to nonlysosomal compartments
[29, 30]. Anti-IDUA antibodies were found in synovial fluid
of both AAV9-IDUA- and AAV9-eGFP-treated joints, indi-
cating that inhibitory antibodies can cross joint capsules.
Alternatively, as some studies have shown, neonatally deliv-
ered transgene may become lost, especially in rapidly-
dividing tissues [31]. In the two +52-week animals, IDUA
enzyme was undetectable in serum and liver, which corre-
sponded to a rapid increase in anti-IDUA serologies and
concomitant diminution of IDUA enzyme in blood; IDUA
transgene was absent from liver at necropsy. These factors
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are all potential etiologies for lack of clinical efficacy upon
MPS I joint pathology in either +52-week animal.
Additional canine studies to explore the intra-articular
route for MPS I therapy are planned; pups will be tolerized
with a 5E12 vg/kg intravenous dosage of IV AAV8-IDUA,
which has been documented to abrogate anti-IDUA immune
response without cross-reactivity to subsequent AAV9-IDUA
dosing [29]. As tolerized canines in this previous study
expressed supraphysiologic CNS enzyme activity levels until

the time of necropsy at 11 months of age, our follow-up stud-
ies will allow for assessment of sustained, high-level intra-
articular enzyme synthesis with planned efficacy measures
involving joint pathology utilizing ultrasound, magnetic reso-
nance imaging, and other techniques [32]. Enzyme-linked
immunosorbent spot assays will be performed to assess cellu-
lar immune response to both AAV capsid and IDUA protein
following treatment. Concurrent intravenous and/or intracis-
ternal IDUA gene replacement will also be explored to deter-
mine whether the other multisystemic manifestations of
MPS T disease can be ameliorated. These studies will assess
the feasibility of a multimodal, combination gene replacement
therapy approach to address all manifestations of MPS I
disease.
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